The effects of silver (Ag) nanoparticles (NPs) on activated sludge in a biological nitrogen removal (BNR) process were investigated under aerobic and anoxic conditions. We show that nitrification was more vulnerable to Ag NPs exposure than denitrification at the same Ag NPs concentration. In continuous operation of the BNR process, a higher inhibitory effect on nitrification was attributed to a smaller size of Ag NPs. About 70-90% of the Ag NPs supplied were embedded in the sludge matrix but 10-30% of the Ag NPs remained in the supernatant. This indicates that significant amounts of Ag NPs could be discharged from wastewater treatment plants and potentially impact on aquatic ecosystems.
INTRODUCTION
With the rapid development of nanotechnology, various nanomaterials have been implemented in consumer products, such as household products, clothing, cosmetics, electronic devices, pharmaceuticals, and biomedicals. Nanotechnology is expected to become a US$1 trillion industry within the next decade ( Jin et al. ) . In 2011, a report on Engineering Nanotechnologies from the Woodrow Wilson International Center compiled a list of more than 1,317 consumer products including engineered nanoparticles. Silver nanoparticles (Ag NPs) ranked top (24%, 313 products) in the consumer products among six engineered nanoparticles. For instance, fabrics and textiles, health supplements, cosmetics, cleaning and personal care products, detergents, and home appliances containers that contain Ag NPs are currently available in the market, and have great potential for a broad range of future applications (Fabrega et al. ) .
Despite the wide application of Ag NPs, little information is known about the environmental impacts of the Ag NPs. Studies have demonstrated the release of Ag NPs from different consumer products (Benn & Westerhoff ; Benn et al. ; Kaegi et al. ) , suggesting that released Ag NPs would enter municipal wastewater treatment plants (WWTPs) via sewage. As WWTPs provide potential pollutant pathways into the aquatic ecosystem, WWTPs are considered to be key intermediate stations in a recent risk assessment for Ag (Nowack & Bucheli ; Kiser et al. ) . A recent study showed that the presence of Ag was identified in sewage sludge, and the total concentration of Ag ranged from 1.94 to 856 mg/kg (Kim et al. ) .
However, the effects of Ag NPs on biological wastewater treatment processes are largely unknown. Recently, Choi & Hu () showed an 86% decrease in nitrifying bacterial activity at 1 mg/L Ag NPs, while other researchers reported 41% nitrification inhibition in activated sludge at the same level of Ag NPs exposure (Liang et al. ) . Therefore, this study investigates the effect of Ag NPs on the performance of biological nitrogen removal (BNR) processes along with the fate of Ag NPs in the BNR process. Also, the size effects of Ag NPs on biomass activity were compared under different operating conditions.
METHODS

Synthesis and characterization of Ag NPs
Ag NPs were synthesized by reducing silver nitrate (AgNO 3 ) with sodium borohydrate (NaBH 4 ) in the presence of polyvinylpyrrolidone (PVP) (Sigma Aldrich) as a capping agent to control the growth of nanocrystals and agglomeration of NPs (Equation (1)). Next, 100 mL of AgNO 3 (1 or 5 mmol/ L) was added dropwise (∼1 drop per second) to 0.1% PVP solution (100 mL) containing 1 or 5 mmol/L of NaBH 4 .
The resultants were filtered through a 3 kDa ultrafiltration membrane (Amion Ultra-4, 3K, Millipore, Billerica, MA) using an Amicon ® 8400 series stirred cell at the nominal nitrogen operating pressure 50 psi to remove Ag þ ions and any other impurities. The filtrate was analyzed after HNO 3 digestion according to US EPA method 3050B followed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Poly scan 61E, Thermo Elemental, USA). Stock suspension was sealed and stored in the dark at 4 W C.
The formation of nanosilver particles was verified by the presence of the plasmon absorbance near 400 nm using UV-Vis spectroscopy. A Beckman UV-visible spectrophotometer was used to measure absorbance values adjusted with blanks.
The morphology of synthesized Ag NPs was characterized with a transmission electron microscope (TEM, Tecnai F-20, Philips Electronics Co., Eindhoven, The Netherlands). For TEM analysis, a droplet of Ag NPs suspension was put on 300 mesh Cu TEM grids with a carbon film and dried. Image analysis of TEM images to measure nanoparticle size (d TEM ) was performed using an ImagePro version 4.5 (Media Cybermetics, Inc. Bethesda, MD). Hydrodynamic size (d h ) and electrophoretic mobility (EPM) of Ag NPs was evaluated by dynamic light scattering (DLS) using a size analyzer (ELS-8000, Otsuka Electronics Co., Osaka, Japan).
Short-effects of Ag NPs on biological nitrogen removal processes
In batch tests, final Ag NP concentrations in a batch reactor (200 mL, Nalgene, USA) were adjusted to 0, 1, 10, and 100 mg/L by adding stock dispersions of Ag NPs made from the 1 mmol/L synthetic solution. Activated sludge mixed liquor was taken from a local WWTP in Daejeon (Korea) and sieved to remove inorganic debris. The reactor was fed with 50 mg-N/L ammonium as (NH 4 ) 2 SO 4 for biological nitrification and sodium bicarbonate (NaHCO 3 ) was added to fulfil alkalinity requirements. For biological denitrification, 50 mg-N/L of nitrate as KNO 3 was fed and methanol was used as an external organic source. All experiments were carried out in triplicate at room temperature for 12 h, accompanied by a negative control (reactor containing inoculums and nutrient media, devoid of Ag NPs).
The concentration of nitrite and nitrate were analyzed with ion chromatography (DX-120; Dionex Corporation, Sunnyvale, CA, USA). Concentrations of ammonia nitrogen, total suspended solids (TSS), and volatile suspended solids (VSS) were measured according to the Standard Methods (APHA ).
Long-term effects of Ag NPs on biological nitrogen removal processes
In order to investigate the long-term effects of Ag NPs on BNR, a sequencing batch reactor (SBR) was operated for 3 months. As shown in Table 1 , the SBR (3.0 L) is operated with four sequences (fill ¼ 0.25 h, reaction ¼ 5 h, settle ¼ 0.5 h, and withdraw ¼ 0.25 h) and 12 h of hydraulic retention time (HRT). Seed sludge was inoculated using same activated sludge used in a previous batch test. Solid retention time (SRT) was not controlled due to slow growth rate of nitrifying bacteria, and mixed liquor suspended solid (MLSS) concentration at a steady state was 3,100 mg/L. Nitrification rate was determined by ammonia removal rate. When ammonia removal efficiency was stabilized, Ag NPs with different sizes were added into the reactor to investigate the size-dependent effect of Ag NPs (0.5 mg/L) on biomass inhibition. (Figure 1  (a) ). However, it increased to 82.4 ± 61.2 nm (d h ) by using the 5 mmol/L preparation solution (Figure 1(b) ), and several huge aggregates caused the increase of average particle size. This size change was also confirmed by TEM image analysis and the Ag NPs are negatively charged (EPM in Table 2 ).
Short-term effects of Ag NPs on biological nitrification
It was found that the average nitrification rate of activated sludge was 30.2 mg NH 4 þ -N/g VSS/d without Ag NPs.
After 12 h reaction with 1, 10 and 100 mg/L of Ag NPs, the biological nitrification rate decreased to 27.6, 20.8, and 0.1 mg NH 4 þ -N/g VSS/d, respectively (Figure 2 ). This result showed a much lower inhibition effect of Ag NPs on the biological nitrification (about 7% at 1 mg/L Ag NPs) than that of the previous studies (Choi et al. ; Liang et al. ) . This could be due to the different characteristics of activated sludge, Ag NPs, and environmental conditions such as pH, ionic strength, and presence of natural organic matter (NOM).
Short-term effects of Ag NPs on biological denitrification
Compared with nitrification, Ag NPs showed a lower inhibition effect on biological denitrification. No significant inhibitory effect was observed up to 10 mg/L Ag NPs, and only 27% inhibition efficiency was observed at 100 mg/L Ag NPs (Figure 3 ). Based on these results, it could be concluded that Ag NPs have a different inhibitory effect on microorganisms according to the environmental conditions. Here, we showed that activated sludge under an anoxic environment for denitrification has a higher resistance to Ag NPs than microorganisms under aerobic conditions. Considering that most of the denitrifying bacteria are heterotrophs, this result is consistent with findings from a previous study reporting nanosilver did not affect the growth of heterotrophs (Liang et al. ) . Higher tolerance of heterotrophs to Ag NPs may result from the larger microbial population than autotrophs in activated sludge and/or the presence of organic matter in substrate making a protective barrier (Fabrega et al. ) . Also, the different performance in the two processes could be explained by different operating conditions, i.e. dissolved oxygen (DO). It has been reported that a release of Ag þ ions is a major toxicity mechanism of Ag NPs, and this becomes more dominant under aerobic conditions (Xiu et al. ) . Also, Ag NPs could transform into Ag 2 S under anaerobic conditions, whose very low solubility may limit the adverse effect of Ag NPs. (Kaegi et al. ; Liu et al. ) . As DO concentration in the denitrification test was below 0.2 mg/L, Ag NPs could be transformed into Ag 2 S having lower toxicity than Ag NPs. A more in-depth study is under way to investigate the reason for the different inhibitory effects.
Biosorption of Ag NPs onto activated sludge
It has been reported that the major transport pathway of NPs in WWTPs is adsorption and sedimentation in the sludge matrix (Kiser et al. ; Zheng et al. ) . More than 90% of Ag NPs or Ag þ ions are typically associated with biomass (Benn & Westerhoff ) . In order to evaluate the fate of Ag NPs in WWTPs and their accumulation in biomass, residual Ag NPs in supernatant were evaluated after filtration with a 0.45 μm membrane. As shown in Table 3 , about 70-90% of Ag NPs were removed from the feed by adsorption and/or sedimentation, and 10-30% of AgNPs still remained in the supernatant. This suggests that significant amounts of Ag NPs could be discharged with treated effluent into the receiving water. A relatively smaller portion of the initially added Ag NPs was observed in the supernatant at high Ag NP concentration (100 mg/L), owing to the formation of aggregates, which are more likely to settle down.
Long-term effects of Ag NPs on biological nitrification concentration in the effluent dramatically increased. To confirm the effect of Ag NPs on biological nitrification, fresh activated sludge was re-inoculated into the reactor at 73 days. As a result, ammonia removal efficiency recovered right after inoculating fresh activated sludge, but it decreased again after adding the smaller Ag NPs at 83 days. Nitrite accumulation was not observed during the experiment. This implies that nitrite oxidizing bacteria (NOB) were rarely inhibited by Ag NPs. Therefore, it seems that the NOB have higher resistance to Ag NPs than ammonia oxidizing bacteria (AOB). It is generally agreed that AOB are more sensitive than NOB to toxicants (Radniecki et al. ) , and this result is consistent with a previous study that found TiO 2 nanoparticles are more vulnerable to AOB than NOB (Zheng et al. ) .
Higher inhibition of the smaller Ag NPs is attributed to the larger surface area and number of particles at the same concentration compared with those of the bigger one. Therefore, it can be concluded that the inhibition degree of Ag NPs is highly affected by particle size, particularly in the nitrification process in this study. Table 4 presents Ag NP concentration in the effluent from the SBR. The concentration of Ag NPs in the effluent gradually increased, and the effluent color changed to yellow because the sludge was exposed to Ag NPs exceeding its adsorption capacity.
CONCLUSIONS
In this study, the effects of Ag NPs on activated sludge in a BNR process were investigated under aerobic and anoxic conditions. The following conclusions were drawn:
1. In batch tests, nitrification efficiency of activated sludge was decreased by 7 and 26% with 1 and 10 mg/L Ag NPs, respectively. However, no significant inhibition was observed in denitrification up to 10 mg/L Ag NPs. This result suggests that Ag NPs have a different inhibitory effect on activated sludge according to the growth environments. 
